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Abstract In this paper, we present the relative problem of

heat and mass transfer to adopt a means of imposing an

electromagnetic field to improve solutal segregation

(macrosegregation) during liquid metal solidification. A

well-validated, quasi-two-dimensional solidifying experi-

mental benchmark was introduced, which allowed us to

observe the temperature field evolution and to provide the

evident clues of phase transformation. We also observed

naturally formed solutal segregations in the post-mortem

sample. The idea of imposing a modulated magnetic field

while optimizing modulation frequency and having a cable

to suppress solutal segregation was confirmed by multi-

scale numerical modeling. Magnetohydrodynamics, flow

driven by a modulated traveling magnetic field, was

experimentally studied. Furthermore, a more practical

cylindrical shape of liquid metal bulk driven by a perma-

nent helical magnetic field has been achieved. The spatial

flow behaviors suggested an appropriate magnetic field

with optimized electromagnetic parameters for obtaining

high-quality, low-defect casting products.

Keywords Heat and mass transfer � Solidification �
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Introduction

Solidification is one of the main processes in the metal-

lurgy industry in which heat and mass transfer play an

essential role in the determination of casting metal/alloy

quality, i.e., the micro and macro-structure, morphology,

texture, mechanical properties, etc. [1–3]. The casting of

pure metals is rare when compared with that of metallic

alloys for both nonferrous and ferrous metals. Therefore,

macrosegregation, also called solute segregation, cannot be

avoided while solidifying due to solute rejection from the

liquid phase.

During the processing of solute rich alloys, macroseg-

regation defects can result from the solidification step [4].

These defects are characterized by composition differences

in the space domain on the scale of the product, which

deteriorates the properties of the material. These defects

were observed in various solidification processes, including

forge ingots, vacuum arc remelted ingots, and directionally

solidified turbine blades. The improvement of such

macrosegregation is a central problem in the solidification

process. In this paper, we clarify (a) how the fluid flow in

the mushy zone transports the solute and generates the

segregations; and (b) whether it is possible to control the

fluid flow by means of an electromagnetic stirring device to

avoid segregations.

Segregations are essentially generated by fluid motion

within the mushy zone. This motion may be generated by
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three different mechanisms: (a) the thermodynamic equi-

librium in the mushy region and the liquid solute concen-

tration that exhibit gradients directly linked to the

temperature gradient; thus, these gradients are responsible

for the natural convection of solutes; (b) the electromag-

netic forces can directly act on the liquid phase to generate

a fluid motion within mush zone; and (c) the fluid motion in

the liquid zone may create pressure variations along the

solidification front which forces liquid flow inside the

mushy zone, as is typical in a porous medium [5].

Lorentz force, is considered as an efficient means to

change the flow and consequently influence solute redis-

tribution. However, steady electromagnetic stirring does

not suppress macrosegregations but only modifies their

location. Such stirring may even create and promote

macrosegregation. In the review paper, we have shown that

a slow modulation of electromagnetic forces may much

prevent the formation of macro-segregation [6, 7].

A solidifying benchmark

Experimental configuration

To better understand the underlying scientific principles of

heat and mass transfer during alloy solidification, a Hele-

Shaw-like, quasi-two-dimensional solidification bench-

mark experiment with well-controlled thermal boundary

conditions was proposed [8, 9]. The experiment consisted

of solidifying a rectangular ingot of pure tin and binary Sn-

3 wt% Pb alloy using two lateral heat exchangers to extract

the heat flux from two sides of the solidifying sample. The

temperature difference between the two sides of the heat

exchangers may vary from 0 to 40 K, and the cooling rate

from 0.02 to 0.04 K/s. Segregation formation can be

improved within above ranges. An array of fifty thermo-

couples was sit on the largest area walls to measure the

instantaneous temperature distribution, which allowed us to

visibly observe temperature field evolution during the

whole solidification process, the heat and mass transfer

process consequently was achieved, including phase

transformations [8]. Meanwhile, a traveling magnetic field

was exerted by a linear motor that was placed underneath

the rectangular ingot [9]. This traveling magnetic field

drives the melt by imposing the volumic and mechanically

contactless Lorentz force on it. The role of imposing

electromagnetic force and generating forced convection

were also investigated in this solidifying benchmark.

Experimental results

Figure 1 shows the results of this experimental benchmark,

which imply that heat and mass transfer played a

dominating role during the solidification process. Clearly,

this quasi-two-dimensional experimental benchmark

demonstrates the evolution of heat and mass transfer during

the binary Sn-3 wt% Pb alloy solidification process. Fig-

ure 1a shows the measurement results of the temperature

field, which imply the influence of natural convection. The

circle shows the natural convection trend as well as the

dense isothermal contours on the left side, showing the

beginning stage of the solidification process; Fig. 1b

denotes the morphology of the grain contour in which the

Columnar-to-Equiaxed Transition (CET) occurred in cer-

tain cooling rates and local temperature gradients; Fig. 1c

represents an X-ray post-mortem result of the solidified

ingot showing lead segregation (in white), and freckles are

visible at the right lower corner of the sample, which

naturally formed during the solidification; Fig. 1d demon-

strates the Lorentz force having a significant effect upon

the solidifying structure: it can be observed that the elec-

tromagnetic force has the capability to change the

microstructure and, consequently, the CET process.

Numerical investigation

A multiscale and multiphase numerical model

A numerical model has been developed to accomplish two

objectives: first, to better understand the underlying phys-

ical properties of the solidification mechanism, taking into

account micro-scale crystal growth, meso-scale segrega-

tion, and the macro-scale momentum transport effects in a

coupling manner; this study has been elaborated by Cio-

banas and Fautrelle via numerical modeling, a multiphase

Eulerian model for columnar and equiaxed dendritic

solidification has been developed by those authors [10, 11];

and second, to investigate the ability of the periodically

reversed Lorentz force on the improvement of solutal

segregations at the interface of the solid/liquid interface

[5].

Effect of periodically reversed Lorentz force

We investigated a two-dimensional rectangular solidifying

domain with a pair of traveling magnetic fields imposing

near the vertical walls of the solidifying ingot. The melt

was chosen as a binary alloy Pb-10 wt% Sn. The detailed

boundary conditions can be found in [5]. The numerical

results of the concentration, indicating the solutal segre-

gations, are illustrated in Fig. 2.

Note that the forced convection induced by normal

electromagnetic stirring does not suppress the channel

segregates but controls their location according to the liq-

uid flow patterns in this example. Figure 2 demonstrates
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the improving effect of modulated traveling electromag-

netic stirring on macrosegregation. It is shown that mod-

ulated electromagnetic stirring may suppress the

segregated channels if the modulation period, Tm, is cho-

sen properly. If the value of Tm is too short, the flow is not

sensitive to Lorentz forces, and the segregation pattern is

Fig. 1 A quasi-two-dimensional experimental benchmark showing

the evolution of heat and mass transfer during a binary Sn-3 wt% Pb

alloy solidification process. a Measurement results of the temperature

field imply the action of natural convection; the dense isothermal

contours at the lower right corner showing the beginning stage of

solidification; b morphology of the grain contour; c post-mortem

X-ray of the solidified ingot showing lead segregation (in white);

freckles are visible in the right part of the sample; d Lorentz force

acting upon the solidification process. The rectangular ingot is 10 cm

in length, 6 cm in height and 1 cm in width. The parameters of the

traveling magnetic field are of the frequency 50 Hz, the pole pitch

85 mm, the wave number is 0.074 mm-1, and B0 is approximately 30

mT [8, 9]

Fig. 2 Solidification of Pb-10 wt% Sn. Maps of the solute mean concentration for various modulation periods at t = 1200 s. The cooling rate is

1 K/min. F0 = 103 N/m3. a p = 4 s, b p = 12 s, c p = 32 s, d p = 128 s [5]
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similar to that obtained in the natural convection case. The

concentration maps illustrated in Fig. 2a show such a

behavior. For a long modulation period, channels begin to

form alternatively in the center and near the lateral walls,

as in the steady stirring case illustrated in Fig. 2b, c. The

corresponding segregation pattern keeps the memory of the

channel formations and disappearances, and the lateral

segregations are almost suppressed. The latter result may

be interpreted by considering both the required flow

establishment time and the transit time of the flow inside

the mushy zone. Note that the normal segregation is also

slightly reduced by the modulation when the optimal per-

iod is used. If the value of Tm is too long, macrosegre-

gation is recreated, as shown in Fig. 2d.

A periodically reversed flow, driven
by a modulated traveling magnetic field

Modulated magnetic field and MHD flow

Based on the solidifying benchmark and the multiscale

solidifying numerical modeling, it is necessary to experi-

mentally investigate the flow behaviors driven by the so-

called modulated magnetic field [6] or pulsed magnetic

field [12, 13]. An eutectic alloy GaInSn (melting temper-

ature approximately equal to 10.5 �C), is used as the

experimental metal and is contained in a transparent rect-

angular cavity with a width of 1 cm, length of 10 cm, and

height of 6 cm, respectively. A traveling magnetic field

exerting by a linear induction motor, whose top surface is

located 5 mm underneath the bottom of the cavity. Note

that the classic way to reverse the direction of any traveling

or rotating magnetic field motion is to permute two of the

three phases. The frequency of the permutation is called the

modulation frequency and is denoted by fm.

Periodically reversed flow behaviors

As shown in Fig. 3, a remarkably spatiotemporal organi-

zation of the velocity field develops in the presence of

modulation. As fm decreases (fm B 2 Hz, Fig. 3a through

3d), the randomness disappears and periodic oscillations

develop, whose frequencies converge to the modulation

frequency. This organization can be dramatically altered by

the unsteadiness of the driving force, but this requires that

the typical modulation period is of the same order as, or

larger than the transit time of the fluid particles in the main

recirculation loop. When the modulation frequency is too

large, typically fm � 2 Hz, the time available between two

reversals is too short to allow for a change in the velocity

direction and re-establishment of a similar flow organiza-

tion with the opposite sign [6], therefore, there exists an

optimizing modulating frequency for a certain solidifying

configuration.

From the above analysis, with the help of a traveling

magnetic field, a periodically reversed flow can be obtained

by optimizing the modulation frequency for a certain

rectangular ingot. However, from a practical point of view,

the cylindrical geometry of the ingot is very popular,

clearly, and more complex three-dimensional periodical

flow behaviors need to be clarified at least in the azimuthal

and the axial directions, which will be introduced in the

next section.

Flow patterns under the condition of a helical
permanent magnetic field

A permanent helical magnetic field

To achieve the use of a periodically reversed electromag-

netic force to act upon the melt, which aims to improve

solidifying defects, such as macrosegregation, in the more

common casting ingot (cylindrical rather than rectangular),

a helical permanent magnetic field has been designed and

fabricated.

Considering the difficulty of directly constructing a

whole, helical, permanent magnet, as well as the magne-

tizing process (see Fig. 4a), a method was adapted that

incorporates a series of small, arc-shaped, permanent

magnets, which were magnetized in their radii directions

and were piled along the Archimedean space curve to form

a special static magnetic field (see Fig. 4b). The bulk

cylindrical liquid metal GaInSn is located inside of the

electromagnetic stirrer, which was driven by a rotating

motor. The modulated magnetic field can be attained by an

alternating change in the rotating direction of the driving

motor. Ultrasonic Doppler Velocimetry (UDV) was used to

quantitatively measure the liquid metal flow driven by the

electromagnetic stirrer. The size of the cylindrical pool is

the follows: the diameter 2R = 40 mm and the height

H = 70 mm, additional details can be referred to in [14].

A helical magnetic field can be considered as a spatial

superposition of rotating and traveling magnetic fields; the

electromagnetic parameters of the traveling components are

Bz = 10 mT, the pole pitch in the z direction Pz = 84 mm,

and the rotating components are B/ = 85 mT, the azimuthal

wave number j/ = 0.025 mm-1. Therefore, for such con-

figuration, spatial flow can be expected. We measured the

azimuthal and axial components of the velocity fields using

UDV. To demonstrate three-dimensional flow behaviors of

the liquid metal, we performed vector synthesis and velocity

measurements at two moments (t1 = 21.2 s, t2 = 23.6 s),

which can be observed in Fig. 5. The experimental condi-

tions are as follows: the rotating speed of the electromagnetic
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Fig. 3 Spatiotemporal evolution of the velocity fluctuation profiles in the x direction for various modulation frequencies: a fm = 2 Hz,

b fm = 0.5 Hz, c fm = 0.1 Hz, and d fm = 0.05 Hz [6]. The pseudo-color maps represent the amplitude of the velocity in mm/s

Fig. 4 Comparison between the

structure of an ideal helical

permanent magnet (a) and the

actual helical magnet

constructed with permanent

magnet units (b)
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stirrer is x = 8p rad/s, the modulation frequency

fm = 0.2 Hz, and the velocity vectors were shown at the

plane of z = 35 mm. Note that the measurement time

(t1 = 21.2 s) in this experiment was in the first half period of

the modulated magnetic field, and (t2 = 23.6 s) in the sec-

ond half. The gray arrows in Fig. 5 indicate that it is located

under the plane of z = 35 mm, and the black arrows are

above the plane of z = 35 mm. It is easily observed that the

liquid metal flow spins up in Fig. 5a and that the flow spins

down in Fig. 5b. These measurement results indicate that a

periodical swirling flow has been driven and developed by

the helical permanent magnetic field.

Effect of improving macrosegregation

To justify the macrosegregation-improving effect by

imposing the modulated magnetic field, we present an

additional result under the conditions described in ‘‘Effect

of periodically reversed Lorentz force’’ [5]. Figure 6 shows

the horizontal profiles of the mean solute concentration

averaged along a vertical line for various electromagnetic

force modulation periods. With the optimal modulation

period (*18 s), the macrosegregation was observed to be

almost suppressed both in the vicinity of the wall and at the

center portion. This result reveals that the electromagnetic

field, if designed meticulously, can significantly improve

the solidification defects, such as macrosegregation.

Conclusion

An experimental benchmark has proven its ability to obtain

well-controlled solidification and demonstrated that heat

and mass transfer in the liquid and mushy zone determines

the solidification quality and dominates the solutal segre-

gation via diffusion and convection effects. The numerical

simulation of the directional solidification of a binary Pb–

Sn alloy [5] actually demonstrated that macrosegregation

could be suppressed by a vortex flow when the direction is

periodically reversed. This analysis aims to provide

guidelines on how to design an inductor to drive the most

efficient flow in a realistic experiment. According to our

strategy, a few final remarks can be made. It is clear that

Fig. 5 Three-dimensional

liquid metal flow driven by a

modulated helical magnetic

field at t1 = 21.2 s (a) and
t2 = 23.6 s (b) with x = 8p
rad/s and fm = 0.2 Hz [14]

Fig. 6 Horizontal profiles of

the mean solute concentration

averaged along a vertical line

for various modulation periods

of the electromagnetic forces.

Case of Pb-Sn10 % wt.

F0 = 103 N/m3 [5]
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controllable electromagnetically driven flow can be

obtained. The quantitative results are established for a

parallelepipedic enclosure and further for a common

cylindrical container. There may still be some interest in

practical geometries, for example, in cylindrical directional

solidification furnaces.
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